In the past decades, various nanomaterials have been intensively developed because of their unique electrical, optical, magnetic as well as catalytic properties. In this review, we discuss the plasma-in-liquid process, especially the microwaveinduced plasma-in-liquid process (MWPLP), for metal and metal oxide nanoparticle production. Various types of plasma systems have been employed to produce metal, alloy, and metal oxide nanoparticles. Nanoparticle production by plasma processes usually requires fewer chemical additives compared to other chemical processes. After discussing the bottom-up approach and the plasma-in-liquid process for nanoparticle synthesis, we have focused on MWPLP. Various apparatus systems and detailed mechanisms of MWPLP will be discussed and preparation of metal and metal oxide nanoparticles by MWPLP will be introduced in detail. The surface-coatedelectrode system, which is a unique system for MWPLP, is also discussed in this review. This system prevents sample contamination due to the metal components, which are usually ejected into the surrounding liquid after plasma ignition during the production of nanoparticles.
Introduction
In the last three decades, the trend of research in modern science has been intensively focused on structures with features controlled in nanometer scale. 117 It includes areas of research in the fields not only of fundamental sciences such as physics and chemistry, but also applied sciences such as chemical engineering including catalysis, materials science, and molecular biology. Materials with sizes <100 nm show very different characteristics compared to the bulk or micro-sized objects. For instance, a nanoparticle (NP) is defined as a microscopic particle with diameter <100 nm. Similarly, a nanorod has diameter <100 nm. Notably, 100 nm is the size limit for nanomaterials and nano-objects. As the size reaches nano level, the surface to volume ratio (specific surface area) increases drastically; consequently, size-dependent properties, i.e., surface plasmon resonance (SPR), 15, 1822 superparamagnetism, 2325 melting temperature depression, 2629 and quantum effects, 3033 can be observed. Properties of NPs change with increasing percentage of atoms on their surface because surface atoms have lower coordination numbers than bulk atoms. NPs exhibit numerous unique, size-dependent®catalytic, optical, and electronic® properties. Therefore, immense attention has been focused on controlling the size, shape, and composition of NPs to tune their properties.
Metallic and metallic alloy NPs are used as catalysts, 6, 8, 3438 microelectronics materials, 3942 optoelectronics materials, 4351 magnetic materials, 5254 fuel cells, 5557 as well as secondary batteries. 41, 5860 In addition, they have been heavily utilized in biomedical science and engineering. Gold and silver NPs with well-controlled sizes and modified by various chemical func-tional groups find a wide range of applications. For instance, the NPs are used in medical biotechnology: as vehicles for gene and drug delivery, in cancer treatment, and diagnostic imaging.
6164 Bimetallic Au/Ag NPs are also extensively investigated for their use in catalysis, biosensing, and plasmonics; 6570 tunable properties, which are in between those of pure Au and Ag NPs, as well as the internal structure (core-shell or alloy) determine their applications. Bimetallic Au/Cu NPs could be successfully obtained by sputtering systems. 71 Metal NPs are synthesized by various methods, such as the "top-down" approach (physical method) via the subdivision of bulk metals or the "bottom-up" approach (chemical method), which involves the growth of NPs from metal atoms derived from molecular or ionic precursors (Figure 1 ). 8 The top-down and bottom-up methods are classified as dry (physical) and wet (chemical) methods, respectively. NPs of different materials with various sizes, shapes, and properties can be obtained via the processes. The bottom-up method is more suitable than the top-down method for the preparation of small, uniform NPs.
There are several important aspects related to NP synthesis that need to be considered: energy efficiency, cost, industrial applicability, toxicity, and environmental impact; the last two are currently the major concerns. Simple processes with low cost and environmental impact are preferred to other methods. Ligands and solvent-soluble polymers are often used as stabilizers for metallic NPs. The stabilizing agents can control the reduction of metal ions as well as the aggregation of metal atoms, and therefore, they can influence the particle size and size distribution. However, nanoparticles have been synthesized without any stabilizing agent, as well.
In the bottom-up approach or chemical method, synthesis of NPs starts from single atoms; NPs are built up from the bottom level: atom-by-atom, molecule-by-molecule, and cluster-by-cluster. The method relies on the availability of appropriate "metal-organic" molecules: metal salts or complexes as precursors. There are several examples of the bottom-up approach or the chemical method: chemical reduction, 1, 6, 8, 1315, 21, 22, 3436, 38, 41, 72, 73 sol-gel processing, 74, 75 chemical vapor deposition (CVD), 76, 77 laser pyrolysis, 78 and plasma process. 7986 Plasma is one of the four states of matter; the other states are solid, liquid, and gas ( Figure 2 ). Unlike all the other states of matter, plasma does not exist on Earth under normal conditions. Interestingly, more than 99% of all substances in the universe exist in the form of plasma.
Plasma is a state in which an ionized gas becomes highly electrically conductive; consequently, the behavior becomes electromagnetic field-dependent.
88 Figure 2 shows the transition of the states of matter on application of energy (heat, etc.). 87 The term "ionized" refers to the state of atoms or molecules having charges via gaining or losing one or more free electrons. 89 For plasma, the degree of ionization (ratio of number of charged particles to that of uncharged particles) can be quite small. Because of the free electrons (mobile electric charges), a plasma is electrically conductive. Plasma can be artificially created by heating neutral gases or by exposing them to strong electromagnetic fields. It contains an equal number of positive ions and negative electrons (or negative ions); it also consists of neutral, metastable, and excited-state atoms or molecules (reactive radicals), and it emits ultraviolet (UV) light and strong electric fields.
Plasma is divided into (i) thermal (equilibrium) plasma: the thermal energies of the ions and the electrons are the same and the temperature is >4000 K, and (ii) non-thermal (nonequilibrium) plasma: the temperature of the electrons is significantly higher than that of the elements and the temperature is <1000 K. Over the past few decades, artificially created plasmas are increasingly being used for NP synthesis. Over the past few decades, artificially created plasmas have played an important role in the NP synthesis. On the basis of pressure-temperature relationship, the plasmas used for NP synthesis are divided into three types: solid-phase plasma, gas-phase plasma, and liquidphase plasma (Figure 3) . 90 These are further divided into several subtypes. This review mainly focuses on the plasma generated in liquid because it is relatively unknown, despite the progress realized in this field in the last decade. Gas-phase plasma is the precursor of liquid plasma, and the two have some common characteristics (see Figure 3) .
In this review, we describe the preparation of NPs by the plasma-in-liquid process. In addition, the mechanism of formation, structure, properties, as well as applications of the NPs have been discussed.
Bottom-Up Preparation of NPs
As shown in Figure 1 , metal NP preparation can be roughly divided into two: top-down approach and bottom-up approach. Plasma-in-liquid process is classified under the bottom-up approach. The bottom-up method includes the following three steps:
(1) Generation of atoms or very small clusters from precursors, such as metal salts, metal oxides, metal complexes, etc.
(2) Formation of nuclei from atoms or clusters. (3) Controlled growth of nuclei to NPs.
Chemical reduction is the most popular and commonly used process to produce metal NPs. On the other hand, the sol-gel process is commonly used for the synthesis of metal oxide NPs.
In chemical reduction, metal atoms are generated by the reduction of metal cations derived from metal salts or by the thermal decomposition of metal complexes. For instance, citrate, alcohol, and hydrazine are good reducing reagents for noble metal cations, such as Pt 4+ , Au 3+ , Ag
, etc. During the chemical reduction, stabilizing reagents are often introduced. For this purpose, polymers, surfactants, as well as metal coordinative ligands are usually used. Polymers have been used to stabilize metal NPs. Poly(vinyl pyrrolidone) (PVP) and gelatin are also suitable for stabilizing metal NPs. Gold number is a key term used in NP science. It is defined as the minimum amount (in mg) of a protective colloid (organic stabilizing molecules) that can prevent the color change from red to violet of 10 cm 3 gold NP dispersions by the addition of 1 cm 3 of 10% NaCl solution. For instance, the gold number of gelatin is in the range 0.0050.1. A polymer molecule attaches to an NP surface at multiple points. Therefore, to detach polymer molecules from NP surfaces, all adsorption sites must be desorbed simultaneously, which is very difficult even when the adsorption affinity is low. Therefore, polymers are considered effective stabilizing reagents.
Surfactants are also suitable for stabilization of metal NPs. Surfactant molecules form self-assembled micelles in water and reverse micelles in organic solvents. When NPs are captured in micelles, they can be stably dispersed in liquids, mainly in water. Notably, the hydrophobic parts of surfactant molecules have stronger affinity for the metal NP surface than the hydrophilic parts. To determine the stabilizing structure of surfactant molecules, nuclear magnetic resonance (NMR) spectroscopy and Stokes radii measurements are performed.
Organometallic ligands are also very effective metal NP protecting agents. Thiols and amines are often used for this purpose. For instance, the Brust method of NP synthesis involves NaBH 4 reduction of metal salts in the presence of thiol compounds. This process is applied for the synthesis of Au 25 , Au 144 , and other thiolate-gold clusters. 9195 
Plasma-In-Liquid Process
Gas-phase plasma is widely and intensively used in modern industry, e.g., in electronic-device manufacturing (plasma etching, sputtering, plasma-enhanced chemical vapor deposition, etc.), hard-coating processes (ion plating, sputtering, etc.), surface-treatment processes (sputtering, plasma etching, etc.) as well as decomposition of organic molecules. 90 Gas-phase plasma can be divided into low and high-temperature plasma, and low, high, and atmospheric-pressure plasma. Gas-phase plasma is obtained by the use of various energy sources: alternating current (AC), direct DC current, radio frequency (RF, usually 13.53 MHz) or microwaves (MWs).
High-temperature plasma treatment at atmospheric pressure is the oldest and most commonly used plasma technique. Energy distributions in the high-temperature atmospheric plasmas are usually close to thermal equilibrium. A typical gasphase plasma setup using AC or DC is shown in Figure 4 . The flow diagram of a production system based on plasma burners is illustrated in Figure 5 . 96 Quenching is performed after the synthesis. The plasma process mainly produces large nanoparticles with a broad size distribution. In some cases, particle clusters are formed.
96
Low-temperature plasmas are always generated at low pressure. Their temperatures are <1000 K. In a low-temperature plasma process, the power source is either RF or MW. For instance, very high-frequency SiH 4 plasma (144 MHz) has been used to prepare Si NPs 9799 (Figure 6 97 ). Particles obtained via the gas-phase, low-discharge plasma treatment have a narrow size distribution. Typical transmission electron microscopy (TEM) images of NPs obtained with RF and microwave sources are shown in Figure 7 99 and Figure 8 , 96 respectively. On the other hand, plasma generated in liquid is versatile and can be used for several high-performance applications such as water purification, 100 sterilization, 101, 102 and most importantly, nanoparticle synthesis. 80, 85, 87, 90, 103105 Plasma in liquid is a non-thermal (non-equilibrium) plasma. Plasma generation in liquid can be largely divided into four categories (Figure 9 ), 106 as follows:
(i) Gas discharge between an electrode and the electrolyte surface ( Figure 9a ).
(ii) Direct discharge between two electrodes ( Figure 9b ). (iii) Contact discharge between an electrode and the electrolyte surface (Figure 9c ).
(iv) RF or MW generation (Figure 9d ).
All the aforementioned plasma-in-liquid generation methods possess unique features. In the gas discharge method, plasma (Figure 9a ) is generated between an electrode and the electrolyte surface (here, the liquid acts as the electrode). Plasma generated by this method is used for producing NP dispersions of metals such as Ag, 107112 Au, 107, 112 as well as NiFe. 111 Metal NPs are obtained by the reduction of metal ions, decomposition of metal complexes, or reduction of metal ions eluted from the metal plate, which is used as the anode (Figure 10 110 ).
Figures 9b and 9c are the schematic diagrams of plasma processes for discharge between two electrodes in liquid. As shown in Figure 9b , two electrodes of similar size are placed in a liquid containing a conductive compound at a short distance apart. AC, DC, or pulsed electric discharge is used for this purpose. Au, 113115 Co, 116 Ni, 117, 118 and Fe 117, 118 NPs have been obtained by this discharge process. In addition, carbon-coated Fe and Ni NPs have been obtained by applying a pulsed voltage of 170 V in ethanol (Figure 11) . 117 Carbon generated from the ethanol coats the metal NPs and prevents their oxidation. A different type of discharge-in-liquid process is shown in Figure 9c . In this case, two electrodes with different surface areas are immersed into a conductive electrolyte. The surface area of one electrode is usually much larger than that of the other.
119121 Ni 119 and Sn 119,121 nanoparticles have been prepared by DC plasma electrolysis of the corresponding metals. Figure 9d is the schematic of a typical plasma process using RF or MW energy. 81, 122 Irradiation with RF or MW can ignite plasma and this process is utilized in many fields. The most important feature of this process is that RF and MW plasma can be generated as well as maintained in water over a wide range of conductivity (0.27000 mS/m). 106 Therefore, no additional electrolyte is required. Using this process, Au, 122 Ag, 122 as well as Zn 81 NPs can be obtained from the corresponding metal wires.
The plasma-in-liquid is further classified into plasma-inbubble and streamer-channel plasma.
123 Figure 12 shows the schematic illustrations of plasma-in-bubble and streamer plasma. In the plasma-in-bubble process, bubbles consisting of water vapor, which is produced by joule heating and electrolysis of water, are formed. The bubble plasma usually propagates along the plasmaliquid surface or across the bubble without coming into contact with the liquid surface, depending on the dielectric constants of the bubble gas and the liquid. The reactive species generated in the bubbles diffuse across the plasmaliquid interface and enter the liquid when the bubbles break. This is a major advantage compared to the plasma-over-liquid process. On the other hand, the streamer plasma in water is generated due to a decrease in the liquid density around the electrode because of electric-field enhancement under a high overvoltage, or by the direct-electron-collision-induced liquidwater ionization under an ultrahigh local electric field. The streamer plasma takes the form of multi-branched channels. 123 The dominant active species produced by these methods are O, H, and OH radicals as well as atomic O and atomic H. Because both electrodes are immersed in the surrounding liquid, the electrode material may contaminate the as-produced NPs. Therefore, the electrodes and the solution constituents must be carefully selected. 123 Next, we discuss the last plasma process illustrated in Figure 9 , i.e., plasma generated by microwaves. The power required to ignite plasma ( Figure 9d ) is introduced with either radio frequency or microwaves. Both systems are almost identical, but their physics is slightly different. RF systems function at frequencies up to the megahertz range. On the other hand, MW systems function in the gigahertz range. Therefore, there is six orders of magnitude lower energy transferred to the charged particles in the RF systems as compared to that of MW system. 89 In the RF-plasma, because of the short free path length, the energy of electrons is in the range of a few eV; on the other hand, the energy of electrons in the MW-plasma is in the keV range. Electrons with energies of only a few eV can attach to the surface of NPs. Therefore, NPs produced by RF systems are negatively charged, but those obtained using MWsystems are positively charged. The electric charge of NPs increases with increase in the particle diameter. 96 
Microwave-Induced Plasma in Liquid Process (MWPLP)
Microwave equipment that functions at the standard 2. 45 GHz frequency has become a popular and versatile source to produce plasma because of the generation of high-frequency microwaves. In 2003, Nomura reported sonoplasma generation in liquid using a combination of ultrasonic waves and microwaves. 124 Microwave-generated plasmas have an important advantage over RF-generated plasmas. MW-plasma is expected to possess high plasma density. 125 The estimated electron density is (7.2 « 2.0) © 10 14 cm ¹3 at 2.45 GHz and 60 kPa, 126 and the electron temperature is ca. 4000 K. 126 The frequency of oscillations of the MW-plasma electrons in the electric field is higher than those of RF-plasma electrons, i.e., MW-plasma electrons travel shorter distances compared to RF-plasma electrons before switching direction. Therefore, fewer electrons reach the device surface per switching cycle, thus minimizing the surface-charging effect. 96 The microwave plasma can be generated not only in water but also in an organic liquid.
127
For instance, fuel gas has been produced by MWPLP in ndodecane. 128 In addition, crystal diamond has been obtained by MWPLP in liquid alcohol. 129 According to the reports, the discharged plasma decomposes liquid organic compounds and generates smaller carbon-containing molecules, which are fuel gas molecules as well as carbon. Although plasma can be ignited under ambient conditions, a lower energy is sufficient for ignition under vacuum because of the facile formation of bubbles. A high-speed camera is highly useful to observe the plasma conditions. Figure 13 presents the sequential images of plasma generation in liquid (n-dodecane). 130 High-speed camera images presented in Figure 13 reveal plasma formation. Plasma with strong emission rapidly spreads from the electrode tip in 1 ms and gradually weakens until 2 ms. The bubble is generated simultaneously with the plasma ignition and it grows until ca. 20 ms. Subsequently, it contracts and collapses. This cycle repeats during plasma generation.
MWPLP is a simple, scalable, and green technique to synthesize nanoparticles, and the use of reducing agents can be avoided. In this process, although plasma discharge readily occurs with the outbreak of bubbles (bubble plasma) under normal or reduced pressure, plasma can be generated under a higher pressure than the atmospheric pressure, as well. 131 Figures 14 and 15 show a schematic of our homemade MWPLP apparatus and reactor. 132, 133 Microwaves are emitted from a magnetron and they pass through a waveguide (WRJ-2 rectangular type). A power meter, tuner, coaxial adaptor, and an electrode are placed in the middle of the waveguide. The front of the electrode is projected into a stainless-steel reaction chamber. The inside of the reactor (500 cm 3 ) is coated with polytetrafluoroethylene (PTFE). The apparatus is equipped with a thermometer and a stainless cooling tube (chilled liquid circulated inside), as well, to control the reaction temperature. Plasma ignition and the solution during the plasma reaction can be observed through a quartz window attached to the reaction vessel.
Nomura 134 and Horikoshi 135 proposed an MWPLP apparatus as shown in Figure 16 . 135 The electrode for microwave energy is located under the reactor. In this apparatus, bubbles are generated at the tip of the electrode, and they smoothly detach from the electrode. This is the advantage of smooth, continuous plasma discharges, as indicated in the high-speed camera images in Figure 13 . 130 However; the generated bubbles can disrupt the sealing around the electrode, which must be able to withstand shock waves.
However; to continuously prepare nanoparticles using the corresponding metal rod as an electrode for plasma ignition, it is easier to feed the metal rod by placing the coaxial-type plasma electrode on top of the reaction vessel, as indicated in Figure 17 . 136 The metal rod is cooled down with chilled water and the reactor temperature is controlled with a chilled water jacket. The reaction solution is stirred with a stirring bar.
In MWPLP, plasma is created in three stages. In the first stage, the tip of the electrode is heated by joule heating using microwaves; the surrounding liquid is heated, leading to the Figure 13 . Sequential images of plasma initiation at an electrode tip in n-dodecane after microwave irradiation at 1 hPa. In the upper set of images, the period is from 0 to 3.75 ms and interval between frames is 0.25 ms. In the lower set, the period is from 4 to 34 ms and interval between frames is 2 ms.
130 Figure 16 . Photograph illustrating the generation of plasma in liquid using a microwave power supply. 135 (S. Horikoshi, N. Serpone, RSC Adv., 2017, 7, 47196 Published by The Royal Society of Chemistry) outburst of bubbles ( Figure 13 ). In the second stage, plasma is initiated towards the gas (provided by bubbles)/liquid interface. Finally, in the third stage, the plasma-in-liquid is formed; such plasmas are constituted by a gas phase in a liquid phase. In our MWPLP apparatus, plasma is discharged and ignited using a MW power supply of ca. 1 kW (Figure 18 ). Subsequently, the power is decreased, and the plasma generation is continued at ca. 500700 W.
After generation of non-equilibrium plasma in water, many reducing and oxidizing species are generated by dissociation, solvation, dimerization, and recombination due to the decomposition of water molecules. The plasma emission spectra (at ca. 700 W) (Figure 19 ) are recorded on a fiber-optic spectrometer; the fiber is attached to the quartz window located at the counter position of the electrode tip. The emission spectrum shows strong, sharp H β (486 nm), H α (656 nm), and O radical (777 nm) peaks. 79 No emission peak of the electrode (tungsten) or other materials (components of stainless steel, etc.) is observed. Hydroxyl radicals (OH • ) are usually generated by plasma discharge via decomposition of water molecules (eq 1). However, OH
• emission is not observed in this case. Highly excited oxygen is necessary for the generation of hydroxyl radicals. However, under ambient pressure, excited oxygen is not formed. OH
• emission occurs when the density of water vapor is low. Therefore, the emission is observed during microwave-induced plasma discharge in water at reduced pressures. 125 Furthermore, strong light and heat, as well as electrons are ejected into the system.
Hydrogen radicals and electrons act as direct reducing agents for metal ions. Solvated electrons (E°(H 2 O/e aq ¹ ) = ¹2.87 V) and hydrogen radicals (E°(H + /H
• ) = ¹2.31 V) are strong reducing species. However, the lifetime of hydrogen radicals is of the order of ms; solvated electrons have a longer lifetime (¯s).
In the second stage of MWPLP, the radicals and solvated electrons react together via dimerization and recombination. The possible reactions are listed in Table 1 . 133 As seen, hydrogen molecules (H 2 ) are produced via the combination of hydrogen radicals. Secondary species such as hydrogen gas molecules also reduce metal ions after plasma discharge. 133 In Figure 20 , the formation of plasma species and the dimerization/recombination processes are schematically illustrated. 
Preparation of Metal and Metal Oxide Nanoparticles by MWPLP
Microwave energy is effectively absorbed in water because water has a high dielectric constant (80) and dielectric loss (10). Consequently, bubbles are easily generated at the electrode tip submerged into water. Bubble plasma generates at the electrode tip. In the process, NPs are produced at high temperatures rendered by plasma, which enhances chemical reactivity; subsequently, the NPs immediately come into contact with the liquid, which rapidly cools them. Preparation of some other metal nanoparticles is also reported. The metal source for nanoparticles in electro-discharge production can be either the corresponding metal ions present in the liquid or the corresponding bulk metal that is consumed during the plasma discharge.
Nomura et al. reported the continuous preparation of Mg(OH) 2 , ZnO, Zn, and Ag nanoparticles by MWPLP. The corresponding metal rods of 12 mmº were used as the electrode and the precursor. They used a coaxial electrode composed of a zinc inner electrode, PTFE-coated ring, brass ring electrode, and zinc plate electrode for the plasma process. 81 Plasma was generated in 100 cm 3 of water, ethanol, or ndodecane at 20 kPa and 250 W for 30 s. The plasma emission spectrum showed peaks attributed to zinc. The inner electrode tip was found to be transformed into a mushroom shape after the experiments. The TEM images show a large quantity of nanoparticles with diameters in the range 10200 nm; the NP size was found to be strongly dependent on the liquid used for the MWPLP. The synthesis in ethanol yielded NPs of various shapes: circular, hexagonal, and quadrangular; some nanoparticles formed appeared to be hexagonal cylinders. XRD analysis confirmed the NPs to be metallic zinc. However, when MWPLP was performed in water, Zn/ZnO nanoparticles with size 50100 nm were formed. After the experiment, the authors observed the generation of bubbles because of the oxidation of Zn. The tip of the zinc electrode and the outer zinc ring had turned brittle and dull white, indicating the formation of ZnO. As aforementioned, plasma ignition was carried out in ndodecane, as well. The tip of the electrode was found to be carbon coated after the plasma irradiation. The carbon was formed due to n-dodecane decomposition under the plasma irradiation. 81 Nomura et al. have also used MWPLP to synthesize zinc NPs via the reduction of ZnO particles. 139 We have performed MWPLP at atmospheric pressure to prepare metal nanoparticles. A coaxial antenna-type electrode is used for plasma ignition. Simulation of the electric field of an electrode in water has been performed using the COSMOL multiphysics software (Figure 21 ). 79 The axis center has been marked with an arrow on the lower left side in Figure 21 . Microwave was introduced from the lower part and transmitted to the tip at the top. Initially, we had used a 1/4 antenna-type electrode for microwave energy discharge into water, but no stable discharge occurred. This indicates that a high electric field does not emerge near the electrode if the electric field spreads in water. The high electric field has to be confined only to the region near the electrode for plasma discharge ignition. In our new system, a high electric field is concentrated only at the tip, as shown in Figure 21 .
ZnO nanoparticles have been readily obtained by plasma irradiation of zinc acetate aqueous solution. 132 After ca. 2 min of plasma irradiation, white particles appear around the electrode and the dispersion changes to white opaque. The total reaction time is ca. 5 min for 1 g of zinc acetate, and the product yield is ca. 78%. Therefore, MWPLP is considered a suitable method for the mass production of ZnO nanoparticles. TEM images and the size distribution of ZnO nanoparticles are presented in Figure 22 . 132 The formation of ZnO nanoparticles has been confirmed by XRD analysis, as well.
By MWPLP, metallic Ag and Pt nanoparticles have also been synthesized. Ag nanoparticles are obtained using AgNO 3 and PVP (stabilizing reagent). Upon plasma irradiation for 90 s, the colorless Ag + solution instantly turns yellow. For the synthesis, tungsten (m.p. 3695 K) is used as the electrode. The color change indicates the formation of Ag nanoparticles, which exhibit a strong surface plasmon absorption at ca. 420 nm. After being boiled, the AgNO 3 aqueous solution does not show any color change. It means that Ag NPs do not form by boiling of AgNO 3 aqueous solution.
As the melting point of platinum is sufficiently high (2041 K), we have used platinum electrode as the source for Pt nanoparticles in MWPLP. The water immediately turns muddy after the ignition of plasma discharge, and after several minutes, a black dispersion is obtained. This process yields platinum nanoparticles with sizes 310 nm (Figure 23b) . 79 The as-prepared nanoparticles are slightly bigger than those prepared by chemical reduction. 8 Therefore, MWPLP is considered suitable for the preparation of fuel-cell catalysts.
Copper NPs and fine particles (FPs) have been obtained by MWPLP from CuSO 4 in the presence of reducing agents. In the synthesis, gelatin is used as the stabilizer, which prevents surface oxidation of Cu particles. 140 When isoascorbic acid is used as the reducing agent, metallic copper particles are obtained within ca. 5 min. On the other hand, without the reducing agent, CuO particles are formed, as revealed by the XRD pattern (Figure 24 ). The diameter of Cu NPs obtained with isoascorbic acid is determined by the amount of gelatin used, as shown in Figure 25 . 141 Not only monometallic NPs, but also multi-metallic alloytype NPs can be obtained by MWPLP. Au/Pd alloy NPs were successfully obtained from mixed aqueous solutions of HAuCl 4 and H 2 PdCl 4 by this process. 133 Preparation of Au/Pd NPs has been widely performed via chemical reduction. For instance, Toshima has reported ethanol reduction of the corresponding metal ions, 8, 142 Shi et al. have carried out reduction with ascorbic acid, 143 and Lee et al. have performed reduction with hydrazine. 144 In contrast, for MWPLP-based synthesis, no reducing reagent is required. After several minutes of microwave irradiation under ambient atmosphere, the reaction solution turns dark in color. Figure 26 presents the TEM images of the as-obtained Au/Pd NPs. Depending on the Au/Pd ratio, NPs with different sizes can be obtained as indicated in Figure 26 (g). Au/Pd bimetallic NPs are much smaller than Au monometallic NPs. Au (AuCl 4 ¹ /Au, 1.002 V) and Pd (PdCl 4 2¹ /Pd, 0.591 V) ions have different redox potentials. Consequently, a variation in the Au to Pd atomic ratio influences the nucleation process, which in turn affects the size of the final particles. This result has been reported by Shi et al. for Au/Pd dendrites obtained by ascorbic acid reduction. 143 At higher Pd concentrations, smaller dendrites are formed, indicating that Pd plays an important role in the formation of dendrites. The X-ray photoelectron spectroscopy (XPS) profile of the as-prepared sample shows shifts for Au4f and Pd3d peaks. The peak shift indicates the formation of Au/Pd alloy NPs. In the magnified high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image (Figure 27 ), a clear and contrast dot pattern, which represents the atomic arrangement, can be observed. 133 The line profile corresponding to the area marked with the red rectangle in Figure 27 (a) is given in Figure 27 (b). As observed, the intensity increases with increase in the distance (from left to right). The intensity is influenced by the amount of the sample. As mentioned above, with distance, i.e., from 1.2 nm to 2.4 nm, the intensity gradually increases. The peaks marked with circles are more intense that those marked with triangles. The intensity is also affected by the atomic number of the elements. The intensity ratio of atomic peak intensity of Au to that of Pd should be 3:1 but the intensity ratio calculated from the plot (i.e., ratio of intensity of peaks marked with circles to that of peaks marked with triangles) is ³1.3:1. The result indicates that the atomic columns are formed by both the elements, and the peaks marked with circles and triangles represent the Au-rich and Pd-rich atomic columns, respectively.
Au/Ag bimetallic NPs have also been prepared by MWPLP; the results will be discussed in the next section because in the process, plasma ignition is performed using a surface-coated electrode.
Oxygen-deficient tungsten oxide NPs with diameter ca. 10 nm have been continuously produced using a tungsten rod by MWPLP. 136 The apparatus used is shown in Figure 17 . As observed, the system is equipped with a function generator to control the plasma discharge. A low-valent tungsten (such as in oxygen-deficient WO 3¹δ ) exhibits strong absorption in the visible region (>480 nm), which is attributed to the new discrete energy bands created below the conduction band due to oxygen vacancies. This is the reason for the observed color: blue or green (Figure 28 ), which is different from that of commercial WO 3 particles (yellow).
As shown in Figure 29 , an orange flame is seen inside the bubble. 136 This flame is the blackbody radiation of tungsten and it indicates plasma generation. At 100 Hz pulse frequency, microwave energy is introduced to the electrode; the generated plasma completely disappears before the introduction of the next pulse (the pulse injection occurs every 10 ms). The surrounding water immediately cools down the tip of the tungsten electrode; consequently, the reaction occurs at a lower temperature. This is in contrast to the continuous and stable plasma generation at 300 Hz. The stability of plasma (i.e., the disappearance/continuity of plasma) is highly significant for NP production. To obtain stable plasma, the W electrode is continuously exposed to MW at 300 Hz. Consequently, the electrode heats up (as evidenced by a stable blackbody radiation), increasing the reaction temperature to as high as ³9000°C. The preparation of NPs using this system is based on the evaporation or sputtering of tungsten. Therefore, the formation of NPs is greatly influenced by the electrode temperature.
HAADF-STEM images of WO 3¹δ samples are presented in Figure 30 .
136 The HAADF-STEM method enables us to observe the Z (atomic number) contrast. Because of the large atomic number (74), W atoms appear as bright white spots in the HAADF images. The image in Figure 30b shows the crystalline W-atom arrangement. Two lattice spacing values: 3.82 ¡ and 3.64 ¡ are observed, corresponding to {002} and {200} diffraction planes of δ-WO 3 and γ-WO 3 , respectively. Interestingly, a few W deformation sites, marked with yellow circles in Figure 30b , are seen. The crystal structure is found to be nonuniform and distorted. Moreover, we detected an excess of W atoms in the selected region. This observation strongly suggests that low-valence-state W atoms are incorporated into the formed WO 3¹δ NPs, leading to their strong visible light absorption.
Surface-Coated Electrodes for MWPLP
Electrodes that have been conventionally used in plasma-inliquid processes are often made of tungsten because of its high melting/boiling point. Electrodes made of low melting point metals sputter and erode into the liquid during the plasma process. As indicated in Figure 31 , tungsten electrode was found to be abraded after the plasma reaction. 79 For the synthesis of NPs of a metal, the same metal electrodes are used, as previously mentioned. Ejection of metal ions or atoms from the electrode due to plasma ignition can be observed, even when tungsten is used. Such ejection of metal electrode materials can contaminate the as-produced NPs via plasma reduction of metal salts or metal complexes, and influence their properties. 79, 84 Another example of contamination of NPs is reported during the fabrication of semiconductor devices. For instance, during wafer processing, the introduction of high-density plasma and plasma cleaning cause contamination of the as-formed particles. 145 Use of electrodes as the metal source is an effective alternative to eliminate metal NP contamination. 136 However, this route has limitations, especially with regard to the industrial production of noble metal NPs. Noble metal NP production on a large scale using the corresponding (noble) metal electrodes is not economically viable. The other alternative to eliminate such contamination problems is to use ceramic-coated electrodes. However, electronic discharge in liquid cannot be performed using this method because the electrode tip has to be projected into the liquid. Anyhow, for MWPLP, the electrode surface can be coated with a thin ceramic layer. Although plasma is ignited in the liquid, microwave energy can pass through the coating. This is a major advantage of MWPLP. Ceramic materials are the most promising coating materials for electrodes because of their high thermomechanical and chemical stability. The following are the major criteria that must be considered to achieve the best results: cost, porosity, elution and erosion rates, purity, influence on the electric field, and most importantly, plasma resistance of the ceramic material. The most common method to estimate plasma resistance of ceramics is to measure the etch depth under arbitrary fluorine plasma conditions. Plasma-resistant ceramics such as alumina (Al 2 O 3 ) and yttrium oxide (Y 2 O 3 ) are considered affordable and effective ceramic coating materials for the electrodes used in plasma process because they are used as processing chamber materials in semiconductor manufacturing. 145 We selected yttrium oxide as the coating material because of its high chemical and thermal stability (up to 2300°C) compared to alumina or other ceramic materials. 146 Therefore, if a stainless steel electrode is coated with Y 2 O 3 , the plasma-induced damages on the electrode can be lowered and the lifetime of the electrode can be extended cost efficiently.
To eliminate the contamination of the synthesized NPs, we have introduced the ceramic (Y 2 O 3 )-coated electrode tip in MWPLP (Figure 32 ). In addition, the ceramic layer enhances the electric field strength on the electrode tip surface, compared with the uncoated electrode, by concentrating the predischarge current in small open pores. Thus, several discharge channels, which are distributed almost homogenously across the whole surface of the composite electrode, emerge from the pores. 147, 148 The plasma generation and NP formation are expected to occur in a manner different from those in plasma processes with un-coated metal electrodes. 85 Au and Ag NP production has been carried out in the presence of L-arginine as the stabilizing agent. When Y 2 O 3 -coated electrode is used for plasma ignition, no further treatment is required to purify the products because no metal contamination is generated from the electrode. In addition, L-arginine is a nontoxic and biocompatible amino acid, and it prevents the growth of metal NPs. Reduction is performed via microwave energy introduction to the coated electrode. In Au NP preparation, pH is a very important factor that controls the reduction rate76 because the initial pH of the AuCl 4 ¹ aqueous solution affects the rate of hydrolysis of AuCl 4 ¹ . For the as-prepared Au NPs, bimodal size distributions are observed in the pH rage 3.5 12.0. 85 The synthesis of Ag NPs in the presence of L-arginine from [Ag(NH 3 ) 2 ]
+ aqueous solution has also been reported. 149 The obtained Ag NPs are almost uniform, as shown in Figure 33 . When a small amount of L-arginine is used (Ag/Arg = 1:0.1 (mol/mol), Figure 33a ), small (5.0 « 0.5 nm) as well as large (235.6 « 25.6 nm) Ag NPs are formed. A longitudinal characteristic absorbance band in the wavelength range 450600 nm is observed for the plate-like Ag NPs. The large plate-like Ag NPs are similar to those obtained without L-arginine. In contrast, an increase in the amount of L-arginine (Ag/Arg = 1:2 and 1:10 (mol/mol)) resulted in small, uniform-sized, and spherical Ag NPs (5.5 « 0.6 nm and 5.1 « 0.7 nm, respectively), without any large plate-like Ag NPs (Figures 33b and 33c) is also used as the reducing reagent for Ag powder 150, 151 and Ag NPs under alkaline conditions; 152 NaOH and NH 4 OH are used as the pH adjustors. A low reduction rate is observed at low H 2 O 2 concentration and high pH (at high pH, Ag 2 O becomes very stable). Figure 34 shows the TEM images of Ag NPs prepared in the presence of H 2 O 2 and NaOH. 87 All particles are metallic Ag, as determined by XRD.
Ceramic-coated electrodes can also be used for the preparation of alloy NPs. Au/Ag alloy NPs have been prepared with AgNO 3 and HAuCl 4 using a Y 2 O 3 -coated electrode. 137 The NPs are readily obtained without the addition of stabilizing polymers. The XRD pattern, HAADF-STEM images, and energy-dispersive X-ray analysis (EDX) maps of the NPs indicate that they are Au/Ag alloy structures. The obtained particles form a stable dispersion in water after plasma irradiation. Especially, Ag/Au = 1:1 alloy NPs are found to be stable even after four days of preparation (Figure 35 ). XPS and XRD data of the alloy NPs confirm the formation of Au/Ag alloy structures. The TEM-EDX and STEM-EDX analyses confirm the formation of Au/Ag alloy (1/1) bimetallic NPs (43.6 nm) ( Figure 36 ). The elemental map shows a homogeneous distribution of Au and Ag atoms. These results agree with the XRD patterns and the UV-Vis spectra of the NPs.
Functionalization of Metal Oxide
Nanoparticles by MWPLP Doping of metal oxide NPs can also be carried out by MWPLP. When tungsten electrode is used as the microwaveplasma ignition electrode, during the plasma discharge, the electrode undergoes erosion or sputtering. Consequently, hot tungsten ions are ejected into the surrounding water. These ions can be doped into metal oxide NPs.
Functionalization of titanium dioxide (TiO 2 ) NPs for visible light response has been intensively studied. Functionalization methods such as doping of metal or non-metal elements such as Cr, V, N, and S, and oxygen deficiency introduction have been reported. Tungsten (W 5+ ) doping is also an efficient route to modify the band gap of TiO 2 NPs. 153 Single-crystalline decahedral TiO 2 FPs were dispersed into water. Next, plasma was irradiated by MWPLP for certain periods (540 min.). After plasma irradiation, XRD peaks corresponding to WO 3 and H 2 WO 4 ¢H 2 O were observed. Subsequently, the particles were washed with aq. NaOH (pH = 13) to remove the compounds. To determine the tungsten doping ratios, inductively coupled plasma (ICP) elemental analyses were also carried out on the plasma-treated TiO 2 fine particles after alkali washing. Doping ratio changed with time, but the maximum concentration was 0.2% after 10 min of plasma irradiation. UV-Vis spectra of the W-doped TiO 2 fine particles were also recorded; the absorption in the visible light region (>400 nm) increased after plasma irradiation. This strongly indicated that tungsten ions were doped into the TiO 2 NPs, causing a decrease in the NP bandgap energy. To confirm the existence of tungsten ions in TiO 2 fine particles, HAADF- STEM images of these particles before and after plasma treatment were compared ( Figure 37) . 84 As observed, the bare decahedral TiO 2 fine particles have an atomically flat surface because they are single crystalline (Figures 37a and 37d) .
The tungsten-doped TiO 2 NPs were applied as a photocatalyst for methylene blue decomposition. Methylene blue degradation (absorbance at 665 nm) was used for the evaluation of the photocatalytic activity of the doped NPs. The degradation reaction was analyzed by first-order kinetics (Figure 38 ). The plasma-treated TiO 2 NPs showed superior performance to the bare decahedral TiO 2 NPs. Longer plasma treatment resulted in an enhanced photocatalytic performance under visible light.
Conclusions
In this review, the plasma-in-liquid technique, especially, the microwave-induced plasma-in-liquid process (MWPLP) for nanoparticle (NP) production was systematically presented. Plasma-in-liquid is still an undeveloped field but it gives a high rate reaction to produce NPs. Apparatus for MWPLP were discussed in detail. Photographs of plasma formation captured using a high-speed camera were presented. High-speed observation of plasma status revealed that plasma is generated in bubbles. Metal and alloy NPs as well as metal oxide NPs were successfully and effectively obtained by MWPLP. Not only metal salts in water but also metal rods working as electrodes can be precursors of NPs. MWPLP with ceramic-coated electrodes as an effective alternative to produce less-contaminated NPs was discussed. Although the efficiency of MWPLP needs to be explored further, the authors believe that this technique will become one highly effective production process for NPs. 
